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Abstract:

Natural convection flow visualization studies between a cooled outer sphere and enclosed heated
inner-body configurations are reported. The inner bodies were 1) vertically eccentric spheres and 2)
hemispheric ally-ended vertical cylinders, both utilizing air, water, and a silicone oil as the test fluids.
The effect of downward eccentricity was observed to encourage the formation of large diameter vortex
cells in the chimney region. Positive (upward) eccentricities, which yielded smaller gap widths in the
upper portion of the flow field, led toward three-dimensional unsteady tendencies. Most of the fluids
and configurations tested were found to maintain a peripheral flow pattern at small temperature
differences, where the high velocity fluid layers . primarily followed the contours of the inner and outer
geometries.

For larger temperature differences, however, unsteady vortex structures in the upper region often
resulted. The cylinders did show a significant linear length effect which might have been expected in
regard to flow-separation. The silicone oil, which was very viscous relative to the air and water,
appeared to act as an unsteady flow damper. As a consequence of this, unsteadiness did not
significantly affect the surrounding stagnant fluid. Tables of the experimental results are included and
should provide ease of flow categorization within the ranges of independent variables given.

The description of a new inner body heating tape design is contained in this thesis. In addition, the use
of spray paint tracer particles in silicone oil has also been presented since this has previously not been
reported in any of the available literature.
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ABSTRACT

Natural convection flow visualization studies between a cooled
outer sphere and enclosed heated inner-body configurations are reported.
The inner bodies were 1) vertically ecéentric spheres and 2) hemi-
spherically-ended vertical cylinders, both utilizing air, water, and a
Silicone oil as the test fluids. The effect of downward eccentricity
was oObserved to encourage the formation of large diameter vortex cells
in the chimney region. Positive (upward) eccentricities, which yielded
smaller gap widths in the upper porticn of the flow field, led toward
three~dimensional unsteady tendencies. Most of the fluids and con-
figurations tested were found to maintain a peripheral flow pattern at
small temperature differences, where the high velocity fluid layers
primarily followed the contours of the inner and outer geometries.

For larger temperature differences, however, unsteady vortex structures
in the upper region often resulted. The cylinders did show a signifi-
cant linear length effect which might have been expected in regard to
flow-separation. The silicone o0il, which was very viscous relative

to the air and water, appeared to act as an unsteady flow damper. As a
consequence of this, unsteadiness did not significantly affect the
surrounding stagnant fluid. Tables of the experimental results are in-
cluded and should provide ease of flow categorization within the ranges
of independent variables given.

.The desecription of a new inner body heating tape design is con-
tained in this thesis. 1In addition, the use of spray paint tracer
particles in silicone oil has also been presented since this has pre-
viously not been reported in any of the available literature.
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NOMENCLATURE

Description

Characteristic lengths
Specific heat
Acceleration of gravity

Grashof number, ng2L3

AT/
Thermal conductivity

Gap width, roTrs

Prandtl numbér, uCp/k
Average radius (ro+ri5/2
Inner body radius.

Outer sphere radius

Distance from geometric center to a selected
location on surface of inner body

Dimensionless radius ratio (r—re)/(ro~re)
Rayleigh number, GrL.Pr

Dimensionless temperature (TuTo)/(Ti—Ta)
Arithmetic mean temperature (page 20)
Inner body température

Outer sphere temperature

Volumetric mean temperature (page 20)




AT

Description

Coefficient of thermal expansion
Displacement from concentric position
Eccenﬁricity; £ = 6/(ro—ri)

Angular position measured from upward
Vertical axis ’

Density
Temperature difference (Ti~TO)

Dynamic viscosity




CHAPTER I

INTRODUCTION

Until recentl&, the bulk 6f naturél convection heat transfer in-
wvestigations have been primarily concerned with infinite fluid environ-
meﬁts as the receiving medium. Unfortunately, the reéults of these
studies cannot be extended to include natural convection processes
which occur within finite enclosures. Since the'increasiﬂgly important
disciplines associated with nuclear design applications and electronic
instrument packaging require knowledge regarding the heat tfansfer
and fluid mechanics problem between an inner'body and its enclosure,
research efforts have been concentrated in this direction.

Analytically, the general enclésure problem solution cannof be
determined because the governing differential equa%ions are non-linear

- \

and coupled. Additional complexities arise because (1) the normal
infini;é atmosphére bouﬁdary layer assumptions are no longer valid,
(2) the pressure distributions are unknown, and (3) when flow un-
steadiness develops, the boundary conditions become unknown. As a
consequence of this lack of availafle information,.and the fact that
generai analytical solutions are nonexistent for enclosed configura-
tions, experimental investigations become necessary in order that the

resulting fluid flow and heat transfer phenomena can be adequately

deséribed.
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In 1964, heat transfer studies for natural ponvection between
isothermal concentric spheres were initiated by Bishop, Kolflat, Mack,
and Scanlan [1,2,3] utilizing air as the gap working fluid. This
*wqu included both heat transfer and flow visualization results.

More recently, however, Scanlan, Bishop,.and Powe [U4], ana‘Weber,
Powe, Bishop, and Scanlan [5] have extended the earlier works by
varyiné the inner body geometries in addition to using water and
silicone oils as tést.fiuids. Yin [6] conducted further fluid-flow
behavior investigations with concent;ié spheres at signifiéantly
higher Grashof numbers and observed different characteristic patterns
with water as the gap fluild.

Further review of the literature hés revealed that an exténsive
amount of heat transfer results have been obtained relativé to the
fluid-flow phenémena reported. Without an-understanding of the
convective flow processes whiéh develop within the enclosure gap, a
serious lack of pertinent information exists since plausible explana-
.tions of the heat transfer results and temperature profiles are not
always in order.

The work presented within this thesis is therefore an extension
of previous studies aimed at further supplementing the unknown
details assoclated with the convective flow fundamentals. Specifically,
flow visualization inves£igations of eccentric spheres with air énd

silicone oil and concentric, hemispherically-ended cylinders utiliz-
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ing water and silicone o0il as gap working media are repofted. Cri-
teria for predicting the fluid-flow behavior have been described for
the temperature differences and geometries stuaied. Photographs ac-
rcompgnied by sketches of the resulting flow patterns aid in.the-ex~
planation of past investigators' hypothe;es regarding the temperature
-profiles which they reported.

Another important aspect of this thesis presentation invloves ﬁhe
design and application of an entirely different inner body heating
system than that used in the past. In order that tﬁe potentially:
hazardous pressurized Freon-1ll heating method could be eliminated, a

heating tape design arrangement was developed.




CHAPTER IIT

LITERATURE REVIEW

Free or natural convection ﬁeat traﬁsfer is directly related %o
the flow:and temperature characterisfics of the physical environment
under consideration. Past investigators have attempted to adequately .
describe these processes, but, since the analytical problem is generally
quite formidéble, only the elementary geometries have been studied.
Publicatibns for these cases are numerous. As additional complexities
arise, which is typical of free convection within confined spaces, less
information is available in the literature. The resultiné consequence
is that a series of experimentél invesfigations have been reported.

Using dimensional snalysis, Jacob [7] has derived the pértinent
dimensionless quantities which appropriately conform with basic natural

convection phenomena. The following is a list of those parameters:

: 2 3
Gra = P gPoZ 8 BéT a , (2.1)
H -
Cu -~ .
Pr = —% , (2.2)
and L =% - (2.3)

In the above equations, GRa and PR are the Grashof and Prandtl numbers

respéctively. The length parameter(L)is characterized by the dimen-—

sions "a" and "b" of the geometry under investigation. An additional




>
convenient term called the Rayleigh number is also found in the litera-

ture,

RA = PR * GR . (2.4)
a X a

An excellent review of the simple geometries is given by Yin [6].
The remaining portion of this review has been restricted to those con-

figurations which are more closely associated with this investigation.

SPHERTCAL ANNULI

The natural convection process Qccuring within the annulus between
concentric spheres was first cqnsidefeﬁ by Bishop, et al [1,2,3]. Both
the heat transfer and the flow visualization résults were reported using
air as the gap fluid. The basic flow ﬁatterns observed were (1) the
crescent eddy, (2) the kidney-shaped eddy, and (3) the "falling-vortices"
type flows. Diametef ratios of 1.19, i.72, and 3.14 with temperature
differences ranging from 5°F to 60°F were studied. Presented by Bishop
[8] is a detailed discussion of these patterns. Correlations are also
given for each flow in regard to the resulting temperature distributions.

More recent attention fy Webef [9] hag extended the earlier works
to include greater impressed temperature differences and thg utilization

of water and silicone oils as gap working media. The bulk of this

work, however, pertained strictly to the heat transfer results. In
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order to allieviate some of the uncertainties generated by this work,
Yin {6] and Yin, Powe, Scanlan, and Bishop [10] documented the flow
behavior resulis by increasing the Grashof number range. With air,v
their findings at least qualitatively agreed with Bishop's [8] for small
temperature differences. TFor large temperature aifferences, however,
a three aimenéional spiral flow was observed for some cases. The re-
sulting water flow patterns were (1) the steady and unsteady "dog-face"
[6], (2) the tertiary, and (3) the three-dimensional spiral. A com—
plete discussion of ﬁﬁe range and existence of each flow pattern has

been indicated in these works.

ECCENTRIC SPHERES

Natural convection.to a cooled sphere from an enclosed, verti-
cally eccentric, heated sphere was described by Weber [9] and Weber,
Powe, Bishop, and Scanlan [5]. HeatAtransfer and temperature pro-
file data were obtained for both positive (upward) and negative ec-
centricity geometries with water and silicone oils as the test fluids.
Of primary importance, it was determined that a negative eccentricity
enhanced convective activity whereas a positive eccentricity had just
the opposite effect and favored conduction. These authors hypothesized
the nature of the flow fields under various conditions, but expressed
& need for further study of the detailed effects which occur for wide

variations in the independent variables.
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CONCENTRIC CYLINDERS

The appearance of concentric, hemispherically ended, vertical
cylinders in the 1i£erature was first presented by Weber [9] and later
by McCoy [11].- The effects of aspect ratio (the total height of the
cylinder divided by its diameter) and Prandtl number were investigated.
It was established thét the cylinders yilelded results which varied
significantly from the sphere data. Since it was postulated that muiti-
cellular type flows existed for some of the cylinder cases, future flow

studies were demanded.




CHAPTER IIT

TXPERIMENTAL APPARATUS AND PROCEDURE

EXPERIMENTAL APPARATUS

The apparatus used in this.investigation was partially redesigned
to duplicate the results obtained by Yin [6] and to further study the
characteristics of natural convective flows using different inper—boif
configurationé than those previously reported. Figure 3.1 shows the as-
sembied apparatus utilized for this thesis work. The cubical enclosure
seen near the center of the photograph contains the isothermal outer
sphere to be more thoroughly described later; The peripheral eguipment
includes (1) the light source on the right, (2) AC Variac power sup-
plies and temperature moﬁitoring instruments below, and (3) the cool-
ing system on the left.

The primary purpose of the approximately ;6.0 inch cubical enclo~
sure was to permit a closed system to be employed. The coolant entered
at the top face and was directly incident on the vertical axis of the
outer sphere since this region was generally the hottestf The coolant
then exited through ports located on the bottom face. Other necessary
features of the enclosure were that (1) it served to support the.outer
sphere and its inner body, and (2) it had three sides fabricated from
plexiglass to allow the resulting flow patterns to be illuminated,

visualized, and photographed.




Figure 3.1 Apparatus Assembly
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The outer sphefe consisted of two glass hemispheres with aﬁ ap~
proximate inside diameter and thickness of 9.77 and 0.21 inches,
respectively. As can be observed in Figure 3.2, a cylindrical base
was cemented té one of the hemispherés for mounting purposes inside the
.cube. The position of tﬁis base relative to the hemisphere was
chosen such that the parting plane would not obstruct the frontal
viewing angle of the flow pattern. A tapered collar insert was
machined to fit inside this base. This tapered element had a 0.525
inch hole bored through it and functioned +to align and partially
support the stem of the inner geometry. '

Since water and silicone working fluids were injected through
ports in the base, it Qas necessary to vent the top so that trapped air
could escape. Thé 0.20 inch hole which permitted this is shown in
Figure 3.2.

Once the inner body was placed inside the hemisphere With the sup-
port base, the hemisﬁheres were Jjoined together usiﬁg‘a siliéone seal-
ant which (1) prevented any leakage between the coolant and gap fluid,
and (2) permitted ease of disassembly. | )

The same diameter inner sphereé, T7.00, 5.50, and %.50 inches,-
investigated by Yin [6] were used for the eccentric study. In

addition, hemispherically-ended vertical cylinders were also investiga~

ted. The dimensions of these were 4.50x6.50, 4.50x8.50, and 7.00x9.00 °

inches (diameter x overall length).
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Figure 3.2

Glass Hemispheres with Mounting Base
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The previously pressurized Freon-ll systems developed for these
bodies were eventually replaced by a heating tape arrangement. Adhesive-
backed metallig tapes, 0.020 inch thick and 0.125 inch in width, were
spirally affixed to the inner surface of the 0.030 inch thick copper
'wall.bodies. Illustrated in Figure 3.3 is the T7.00 inch inner sphere.
Each separate hemisphere had four sectlons of tape tb,which individual
poﬁer leads were then connected. To insure that the tapes remained
fastened, a thin‘layer'of silicone sealant was applied over the entire
inner surface. After all necessary wires were attached inside the body
and i£ had been soldered together, a 0.25 inch Hole was drilled through
the top of the body. Through this hole,_powder-like glass eccospheres
were funneled'to £ill the‘inner bédy therebj minimizing interﬁal
convection heat transfer. This. f£ill port was then soldered shut.

By varying the voltage input to each tape, the outer surface can be -
isothermally maintained. The high thermal conduﬁtivity of the copper
wall allowed sufficient heat transfer in the laterél direction to

- .aid in meking the surface isothermal.

The positioning of_the inner body within the outer sphere was
controlled by a 0.50 inch diameter~stainless steel tube soldered to
the bottom of the inner body aléng its vertical axis; This stem exitgd
through the previously mentioned.tépered collar and was sealed by two
O-rings. To minimize lateral heat conduction along‘the stem, plas-

tic shrink tube insulation was uséd; In addition to positioning,
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Figure 3.3 Disassembled Inner Sphere with Heating
Tapes
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the stem served as an outlet for the power leads and thermocouple
wires. |

Copper-constantan thermocouples were employed for monitoring the
inner and outer body temperatures. On the outer sphere, 0.025 inch
holes were drilled at various locations through.the glass wall, and the
thermocouples were epoxied at the bottom of the hole flush to the inside
surface. For the inner bodies, the holes were drilled through the
copper wall and the thermocoﬁples ﬁere‘soldered‘flush‘té the outer sur-
face. All of these wires Weré then cqﬁnected to é selector switeh box
from which a DC millivoltmeter indicated output voltages.

Two types of cooling fluid systéms were utilized. With air in the
gap, forced air served as the cooling medium. With liquids as the
working fluid, chilled and filtered water coolant was supplied. These
compatible index of refraction combinations minimized optical dis-
tortion through the viewing angle.

Tﬁe‘lighting was supplied by two 650rwatt home movie camera lamps
in a light-tight enclosure. .A 0.25 inch‘slit,provided a neafly.collif
mated light beam which entered the cubical enclosure on an adjécent
side from the frontal viewing direction.

In order that the flow pattern could be observed, tracer particles
were needed. With air as the working fluid, cigar smoke gently intro-
duced into.the gap yielded best results. Impurity particles found in

"Ajax" detergent made excellent tracers with water since these particles
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are highly reflective and neutrally bouyant. This mixture was made by
adding 10 drops of detergent per ga;lon of boiled distilled water cooled
to 100°F. For the 350 cs silicone oil, fluoreséent orange spfay paint
particles acted as tracers. The silicone o0il is a Dow Corning 200 fluid
with 350 cs representing the kinematic viscosity at 25°C. Spraying this
paint over an-open container of silicone and allowing .the atomized .
particles to fall on the surface with later mixing produced good
results.

Photographs weré'obtained using a W"x5" Calumet Camera with |
Kodak Tri~X Pan Professional film. In order to feduce optical
reflections created b&_the cubical enclosure, the glass outer sphere,
and the inner body, all surfaces were painted flat black except in
those regions where illumiﬁation and visualization of the‘flow pat-

tern were necessary. The clarity of the photographs was greatly en-

hanced as a result of this measure.

" EXPERIMENTAL PROCEDURE

The desired inner 'body was selected and painted flaf black before
inserting it within the separated glass hemispheres. A 24 hour curing
time silicone sealant was then appliéd to the parting line. Instal-
lation of the above'into the cubical enclosure was then followed by
connection of all thermocouple and @ower leads along with the plunbing

of the cooling system.
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The positioning of the inner geometry occurred next. For the
eccentric study, eccentricities of +0.750 and +0.3T5 were considered.

The eccentricity € is defined as

8 ‘ (3.1)

where §, ro,-and r, are the deflection from the concentric position,
the outer sphe;e radius, and the inner sphere radius, respectively.
The cylinder investigations were of a concentric nature only.

To locate the concentric position, the inner body wés raised and
lowered within the limits of the glass sphere and a pointer fastened
to the bottom of the stem indicated the travel on a scale. The mid-
vay location was then established.

.The operating procedures were as follows:

(1) Except for air,whichwas initially present, the working
fluid was introduced into the gap and allowed to fill
by gravity feed from containers of the prepared mixture.

(2) The outer sphere cooling and the inner body heating
systems were turned on. The AC Variacs which controlled
individual heating tapes were separately adjusted until
the'isothefmal condition for the Qesired temperature‘
difference across the gap was achieved.

(3) Sufficient tiﬁe was permitted so that the entire con-

figuration would arrive at thermal equilibrium.




17
(4) The flow pattern was observed and photographed. With air,
cigar smoke had to bé gently injected into the gap. After
sufficient time, a fully"developed flow pattern, which
could then be studiéd,_would appeaf. After prolonged per-
iods of time, however, the smoke became too'dispersed and
had to be repienished; The gap was therefbre purged by
pumping in clean air. This ﬁrocedure of introducing smoke
for the next run was then repeated.
The following pertinent information was recorded on data sheets:
(1) Run number,
(2) ‘Gap fluid,
(3) Atmospheric pressure (fgr air only),
(4) Eccentricity,
(5) Inner body teﬁperatures;
(6) Outer sphere temperatures,
(7) Heater tape input voltages,
(8) Comments and written descriptions. of the flow pattern.
A computer program was written for the XDS Sigma T digital com-
puter to reduce the data to a desi?ed form. Included in the Appendix
is the program used for the eccentric sphere configurations.
A1l of the configurations tested qu this thesis presentation

are listed in Table 3.1.
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TABLE

3.1

INNER GEOMETRIES AND TEST FLUIDS INVESTIGATED

" ECCENTRIC SPHERES -

Dimensions Air Water Silicone 350
(inches) '
4.50 X X
5.50 | X X
T.00 i X X

CONCENTRIC CYLINDERS

Dimensions Air Water Silicone 350
(inches)

4.50 x 6.50 X X

4.50 x 8.50 X X

7.00 x 9.00 X X




CHAPTER IV

EXPERIMENTAL RESULTS AND DISCUSSION

This chapter has been organized in the following manner. Bections
describing the flow patterns corresponding to the_eccentric spheres and’
the concentric cylinders are included. Subsections based on the gap
working fluids are also found. Finally, a discussion of the experi-
mental results is given.

Before proceeding with the flow descriptions a few remarks are in
order regarding the Grashof number. For all of the flows observed, a
minimum Grashof number correspohdiné to a tempera%ure difference of
approximately -5-10°F was investigated. This limiting value was chosen
in order to reduce any error caused by a slight variation over either
the outer sphere or the~inner body. The maximum Grashof numier values
reported were limited by 1) the voltage input to the heating tapes
(140 volts/tape length), 2) an inability to maintain the outer glass
spheré at an isothermal temperature, or 3) the disappearance of the
detergent particles in the water studies at temperatures greater than
about 130°F, whichever condition occurred first. Also indicated in
each section are the reference tempgrétures upon which the fluid pro-
'perties were determined and the geometric length parameters incorpor-

ated into the Grashof numbers.
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ECCENTRIC SPHERE FLOW PATTERN DESCRIPTIONS

The geometric length parameter (L) contained in the‘Grashéf number
was selected as tﬁe difference'between,the radii of the outer and inner
bodies (ro—ri). For the evaluation of the fluid properties, two
characteristic temperatures_éére considered. One method provided
vaelues based on the volume weighted mean  temperature (Tvm) defined as
follows:

3,

(r 3. r.3)T. + (r 3_r T
T - avg 1 1 Q avg_ O ()4 l)
v 3 3 A\
r 2 - r,
o i

The other reference temperature employed was an arithmetic mean defined
as:

S T, + T
. T = ' (4.2)

am 2

Unless otherwise stated, the Grashof numbers presented are calculated

using equation 4.1.

GAP WORKING FLUID: AIR

The first inner body investigated for the eccentric sfudy was the
4.50 inch sphere positioned at eccentricities of +0.375 and +0.T750.
Considered first was the largest positive eccentricity case (+0.750).
For a miniﬁum Grashof number éf 92,000 (AT = 7°F) 40 a walue of 160,000

I

(AT = 12°F), a steady, "necked-down" crescent-eddy pattern, similar to
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that showm in Figure 4.1, was observed, with the exception of the vor-
tices in the upper region. These vortices appeared for Grashof numbers
larger than 160,000. The necked upper region of the main cell was a
result of the physical geometry of the system. The overall pattern (ex-
cluding the extreme upper region of Figure 4.1) consisted of several
distinct regions. Twé of these are the thin high speed layers of fluid
which moved upward and downward aloné the inner and outer spherés re-
spectively. The cooler fluid which moved downward exited into a rela-
tively stagnant regioﬁ at the bottom of the main cell. Surrounded by
the high velocity‘fluid_was the most noticeable transition region which
focused on the centrally located eye of the main cell where negligible
motion occurred. | '

| When temperature differences greater than LO°F were imposed, an
unsteady flow resulted and was characterized by the formation and
shedding of %értices between the upper portion of the inner sphere and
the enclosing outer sphere (Figuré 4.1). The rate at which these vor-
tides weré created éppeared to be pfoportional to the impressed tempér—.
ature difference. The vortices WEge initially formed by a counter-—
rotating cell which developed néar the separation point of the upward
flow of the primaryAcrescentfeddy cell along the inner body. In order
to satisfy_conéinuify, slugs of fluid were randomly injected from the
" vortex region intd the main cell, disturbing it momentarily. This mo- |

tion was observed up to a maximm Grashof number of 907,000 (AT = 95°F)
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Figure 4.1  Photograph of +0.750 Eccentri-
city Air Flow Pattern

DO/Di = 2.17

GrL = 200,000 AT = 15°F
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with some three~dimensional flow characterigtics being associated with
the vortex region.

The next lower position of the‘inner body decreased.the eccentric—
ity tp a value of +0.375.'.For this particular configuration, the re-
sults published by Yin, gﬁ_g&_[lO] for coﬁcehtric spheres with a dia-
ﬁe#er ratio of 2.17 follow almost identically. Steady flow patterns-
existed for all oﬁserved Grashof numbe?s ranging from 110,000 to 970,000
(9°F < AT < 98°F). After having passed through the crescent-eddy type
pattern for relatively low Grashof numbers, the kidney-shaped-eddy
first described by Bishop [8] was observed (Figure L.2).

The flow patterns corresponding to an eccentricity of —0.375 at the
minimum Grashof number of approximately 100,000 (AT = 8°F) remained
fepresentative of the crescent—e@dy with its lower portion compressed
as a result of the geometry. The appearance of additional interior
cells was seen as the Grashof number was increased to about 160,000
(AT = 15°F). This pattern, Figure 4.3, with its new cell centers, was
still found to be steady. A further increase in the Grashof number

(Gr. > 420,000) led to a distortion of the previous pattern, thereby

L
yielding a very pronounced kidney-shaped type flow. This occurred up .
to the maximum observed value of GrL = 850,000, Unsteasdiness prevailed
within the interior of the kidney for Grashof numbers greater than

700,000 (AT = 77°F). This unsteadiness was characterized by a somewhat

periodic expansion and contraction motion, but this phenomenon did not
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Figure 4.2 Photograph of the +0.375
Eccentricity Air Flow Pattern

Do/Di = 2.17

]

Gr

I 870,000 AT = 85°F
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Figure 4.3  Photograph of -0.375 Ec-
centricity Air Flow Pattern

Do/Di = 2.17

Gr, = 400,000 AT = 31°F
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disturb the periphery of the overall flqw-field.

The lowest eccéntricity 6f —0;750 yielded a flow pattern illustra~
ted by Figure h4.lL. A£ the smallest Grashof number observed (GrL =
94,000, AT = T°F), steady flow conditions prevailed. This steadiness
persisted almost throughout the entire Grashof number range studied
(GrL,max = 850,000, AT =’TSdF)w The high end of tﬁis range, however, -
indicated that interior unstead§ motion was beginning to occur. The
form of this unsteadiness appeafed to be.néarly'identical to that de-
scribed for the previous eccentricity case (~0.375).

The other innér'body considered'for this eccentric study uﬁiliziﬁg
air as the test fluid was a T.00 inch diametgr sphere positioned at the
same eccentricities.as.the previously described 4.50 inch sphere. The
remaining descriptions of air flow patterns within this section are
supported by’sketches duve to the fact that the outer glass sphere used
earlier was replaced by an optically very poof one. This was necessary
since the original sphere'had became broken during experimental testing.

At the largest eccentricity investigated, +0.750, the minimum ob-
served Grashof number of approximately 14,000 (AT = T°F) yielded a
steady crescent-eddy type flow pat%ern."As the impresséd temperature
difference was increased to about 15°F,-very slow, tangentially moving,
counter-rotating vortex cells were observed within the extremely narrow

gap near the top of the inner sphere (Figure L4.5). ‘These vortices were

found to be constantly disappearing and reforming in a somewhat random
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Figure 4.4  Photograph of -0.750 Eccen-
tricity Air Flow Pattern

Do/Di = 2.17

Gr, = 700,000 - AT = TO°F




Figure 4.5 Sketch of +0.750 Eccentricity Air
Flow Pattern

"D /D, = 1.k40
(o] b

GrL = 2T ,000 AT = 159F
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fashion. TFor a greater Grashof number, the vortex region consisted of
numerous counter-rotating cells, and these would occasionally be in-
jected into the crescent-eddy flow. TFor very large temperature dif-
ferences (AT > 75°F), only ﬁhe larger diameter vortices, as shown in
Figure 4.6, were observed since the smoke became very diffused near the
.upper centerline. The small ones which eérlier existed closer to the
verticai centerline no longer éppeared, but rather, a three-dimensional
spiral motion resulted in this region. The upper region of the crescent-
eddy pattern was periodically altered due to the shifting and shedding
of the pair of vortex cells. This flow remained up to the maximum
observed Grashof number of 126,000 (AT = 87°F). Although the flow was
very unsteady at the extreme top, the three—éimensional spiral flow, as
described previously by Yin, gﬁ!g&_[6, 10] had not yet developed near
the main cell, but it gppeared as though this condition would have un-
doubtedly resulted for a slightly greater Grashof number.

The next lower position studied (+0.375) at a minimum Grashof
number of 18,000 (AT.= 9°F) was characterized by the random tangentially
moving vortices in the upper region once again. As the imposed: temper-
ature difference was increased, thése vortices were occasionally in-~
jected into the main flow as before. In the neighborhood of GrL =
70,000 (AT = 45°F), however, the uppef vortex region became totally
violent in ﬁature, and a three-dimensional spiral flow resulted. This

extremely unsteady motion caused the top portion of the crescent-eddy
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Figure 4.6 Sketch of +0.750 Eccentricity Air
Flow Pattern

p /D, = 1.40
(o] -

Gr, = 108,000 AT = 75°F
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to become completely indistinguishable.

The negative eccentricity of -0.375 produced a steady flow pattern
up to a Grashof number of about 60,000 (AT = 38°F). Below this transi-
tion point, the observed flows were primarily of the crescent-eddy type.
At very low temperature differences (AT < 8°F), two counter-rotating
cells were agéin\seen. A slight increase in tﬁe temperature difference
effectively expanded the crescent-eddy pattern until it.completely
filled the region previously occupied by the two vértices (Figure h4.7).
Near and above the tfaﬁsition point, most of the upward flow appeared
Yo separate from thg inner body at an angle of about 45° with respect
to its’vertical axis. .Vortéx cells once again appeared within the
upper region. These unsteady cells oscillated laterally within the gap
and were constantly seen to be changing their direction of rotation.as
" if they were aimlessly wandering abogt. As the Grashof number increased
the motion within the vor£ex region rapidly increased, and the three-

" dimensional spirai pattern resulted. -

The lowest eccentricity corresponding to -0.750 yielded rgsults<
which were virtﬁally identical with those fresented for the eccentri-
city of ;0.375, the only basic difference beiﬁg-the'geometry effect due

to the lowering of the inner sphere;

GAP WORKING FLUID: SILICONE 350
The two inﬁer—body configurations just described using aif were

also tested utilizing silicone.350 as the gap fluid. The eccentricity .




Figure 4.7  Sketch of -0.375 Eccentricity
Air Flow Pattern

= )
Do/Di 1.40

Gr, = 24,000 AT = 12°F
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values corresponded to those of the previous air studies.
The first eccentricity considered was +0.750. Figure 4.8 illus-
trates the flow pattefn ob;erved over the entire Grashof range examined

(50 < Gr < 1200, 9°F < AT < 97°F) for the 4.50 inch sphere. No un-

L
steadiness ever resulted within this range, and the flow pattern shown
remained unaltered. The basic qhafacteristics of the paftern were
similar to those seen before. A thin hiéh speed layer of fluid flowed
upward and downward along the inner and éuter spherés respectively, the
upward moving fluid being turned at the chimney centerline as observed
during the air investigations; From‘Figure 4.8 it can be seen that
essentially zero motion occurs.withiﬁ the central portion of the flow
.pattern. Relatively long duration photographic time exposures (30
seq.) of the flow field.have substantiated.thigaobservation.

The eccéntricity value of +0.375 at Grashof numbers below 400
(AT = 45°F) resulted in steady flow patterns similar to those of the
previous case with the exception of a larger gap spacing found near the
tof region. At greater Grashof numbers, however, a rather periodic
vortex flow was observed. In tﬁe neighborﬁood of the chimney where
the flow direction was turned, short duration rotating cells appeafed.

The life of these cells for Gr, = 425 (AT = 50°F) was only about 5

L
seconds, but they reappeared every 25 seconds. TFigure 4,9 shows the
rotating cells vhich were observed. It was noted that the frequency

of reocccurrence increased as the Grashof number increased. TFor the
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Figure 4.8 Photograph of +0.750 Eccentricity
Silicone 350 Flow Pattern

Do/Di = 2.17

GrL = 170 AT = 23°F




35

Figure 4.9 Photograph of +0.375 Eccentricity
Silicone 350 Flow Pattern

Do/ Di =r2el

GrL = 25 AT = 50°F
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.maximum observed Grashof number value of 820 (AT = 80°F), the period
decreased to apprgximately 15 seconds. |

The next lower eccentricity case of ~0.375 indicated a steady flow
pattern for the entire-Grashof number range investigated. For QrL leés
than 350 the upward flow followed the contour of the inner sphere
uptil it contécted the vertical thermal plume, at which time the fluid
aécendeé to the outer sphere. Most of the fluid then returned downward
via the outer spheré as it'cooled. Some of the fluid contained withih
the high speed upward ﬁoving layer, however, was lost to the stagnant
interior region along the chimney. Figure 4.10 indicétes the motion
observed. The flpw lihes which have been abruptly terminated in this
sketch indicate that essentially zero velocity occurred at thése points.
Increasing the Grashof number abofe 350 (AT = 39°F) yielded the rotating
vortices paﬁtern once again. This rotation was initiatéd along the
inqer body .near the base of the chimney where the flow was directed
upward. As the Grashof number was further increased (GrL > 350), how-
ever, this rotation originated at greater angles when measured with
respect to the center of the inner body and the up&ard vertical center-
line. The rolling vortices, one oﬁ each side, then proceded to climb
up the chimney while entraining some of the fluid iﬁ the stagnant region
as they did_so. Once the vortices reached the top, they started moving
outward in the direction of the high speed cooling layer and were very

rapidly engulfed within it, thus loosing their vortex identity.




37

Figure 4.10 Sketch of -0.375 Eccentricity
Silicone 350 Flow Pattern

Do/Di = 2.17

GrL = 300 AT = 37T°F
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Figure 4.11 shows these vortices after they have progressed about half
way up the plume. Again, the sequénce of events just.described ap—-
peared to be periodic.in time.~ This flow.condition prevailed up to &
temperature difference of about T5°F at which time additional cells
developed. Since these new cells were much more pronounced at the
eccentricity of -0.750, the'descriptions of them are presented later. -

The minimum eccentricity of -0.750 for impreséed temperature dif-
ferences less than 40°F resulted in a flow pattern as illustrated by
Figure 4,10 with the chimney length increased because of the accompany-
ing geometry change. A slight increase in the érashof number (Gri >
300) again b?ought about the upward fotating vortex motion. For GrL >
800 (AT = T5°F), it was observed that the vortices, which earlier moved
directly up the side of the chimney, now acquired some lateral motion
and drifted into the stagnant region loosing their strength. At this
larger temperature difference, a éreater mass of hot fluiq was con-
vected along the vertical centeriine to the outer sphere. The inertia
. of this plume appeared responsible for producing two new rotating cells
at the extreme upper region of the chimmney (Figure 4.12). The vortices
which migrated into the stagnant region were quickly replaced by new
ones which emerged as a result of fluld turning upward aé already
mentioned. Unsteadiness occurred with this phenomenon, and the chimmey,

which was normally observed to be straight, now displayed a tangential

wavy motion. This flow pattern was observed up to the maximum Grashof
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Figure 4.11 Photograph of -0.375 Eccentricity
Silicone 350 Flow Pattern

Do/Di = 2.17

Gr 450 AT = S50°F

L
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Figure L4.12 Photograph of -0.750 Eccentricity
Silicone 350 Flow Pattern

DO/Di = 2.17

GrL

800 AT = T5°F
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number of 1050 (AT = 86°F).

The next set of results considered the T7.00 inch spherical inner-
body configuration with the eccentricity values remaining the sane.
Figure 4.13 is indicative of the +0.T750 eccentricity flow patterns
observed over the entire CGrashof number range investigated (12 < GrL <
230). This c&rresponded to a tempeféture diffefence ranging from 15°F
to 122°F. Because the extremely narrow gap in the upper region was very
difficult to study, the nature of the flow could not be truiy determined
at the lower Grashof'ﬁumbers. For larger Grashof numbers though, it
appeared as if there were numerous, randomly rotating.thiee—dimensional
vortices meandering aﬁbutf Specifically, these seemed to be confined
to within an annular spacing defined by the vertical centerline and a
30-35° angle measured from the éenter of the inner sphere. This un-
steadiness never indicated any evidence of disturbing the primary
crescent-eddy flow.

.The gap spacing in the upper region was increased as a resulﬁ of
lowering the inner sphere and the concentric situation was studied.
From the minimum observed Grashof value of 13 to a value of 100 (18°F <
AT < 75°f); the flow patterns were noted ﬁo be the completely steady
crescént types. Acqompanied with a slight increase in the temperature
difference, however, unsteadiness was initiated. Rotation of the flow
field occurred on both sides of the chimney, and the boundary layer

associated with the cooling fluid attained an undulating type motion.
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Figure 4.13 Sketch of +0.750 Eccentricity
Silicone 350 Flow Pattern

D./D, =1.40
(] 5

GrL = T0 AT = 61°F
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When the Grashof number reached a value of about I57 (AT = Q0°F), a
portion of the upward moving fluid‘separated before contacting the
chimney (Figure h.lh); As the fluid flowed upward along the inner
ssphere, it looked aé if unsteady tendencies were exhibited prior to
separation. This type gf fluid motion preﬁailed up to GrL =.327 (AT =
132°F). | i

At this point, an attempt to describe the fluid motion which would
have resulted for the +0.375 eccentficity case ié presented. Drawing
upon the known fundamental details of the flow patterns previously doc-
umented for the surrounding cases, the following postulation is given.
From thé observations made thus far, there appears to be some criterion
which governs the influence of the unsteady vortex flow on t?e main
crescent which always exists. As the upper gap region becomes'narrower,
as it does for increasing positive eccentricity cases, only smaller
diameter vortices can physically exist. These smaller vortices lack
the strength of larger ones and hence cannot exert nearly as signific-
ant an effect on the primary main crescent. These vortices are there-
fore primarily restrained to the relatively narrow upper portion of the
gap. It does seem quite likely, héwever, that some of these will be
shed upon the main crescent, and, for large Grashof numbers, a three-
dimensional vortex flow will result near the top. With the smaller

gap, there undoubtedly has to be flow separation along the inner sphere

depending on the impressed temperature difference. For the relatively
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Figure 4.14  Photograph of Concentric Silicone
350 Flow Pattern

DI/Di = el O
O 5

GrL =0160

AT = 90°F
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low Grashof numbers, seéaration was found to accur at about 35° for the
+0.750 situation while it did not occur for the concentric case. This
35° angle was meaéured from the upper vertical centerline and the
.center of thé inner sphere. It seems highly likely therefore that an
eccentricity of +0.375 would have a separation angle located somewhere
in the neighbarhood of 20°. Flow separation tendencies resulted
since the fluid,uwhich completely followed the inner body contour at
low temperature differgnces,'suffered a loss of momentum. Conse-
quently, the adverse.éressure gradient assisted separation.

The negative eccentricity of -0.375 produced the crescent-eddy
type flows as discussea in most of the previous geometries reported.
At a Grashof number of about 45, the onset of unsteadiness appeared.
Rotation adjacent to the chimmey developed, and, as fhe Grashof number in-
creased to TO (AT = 60°F), these rotating cells drifted away from the
vertical centérline flow in a somewhat random fashion but returned a
short time later. The photograph in Figure L4.15 illustrates the pattern-
which occurred when the cells were removed from‘the thermal plume. A
significant increase in the temperature difference (AT > 90°F) led to
a condition.of rather unpredictablé convective unsteadiness as typified
by Figure 4.16. A random generation of new vortex cells resulted, and
this type of flow pattern was observed up to the maximum observed Gra-

shof number of 270 (AT = 120°F).
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Figure 4.15 Photograph of -0.375 Eccentricity
Silicone 350 Flow Pattern

D /D, = 1.k0
ofval

GrL =0 AT = 60°F
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Figure 4.16 Photograph of -0.375 Eccentricity
Silicone 350 Flow Pattern

D A=A
(@] 1

Gr 268 A= 118°H

L
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The last eccentric configuration tested was that of -0.750. Once
more the pure crescent-like flow pattern resulted for Grashof numbers
less than about 15. The unsteady flow fields caused by the increase iq
the Grashof number followed exactly the order of events outlined for

the last case (e = -0.375).
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CONCENfRIC CYLINDER FLOW PATIEBN’DESCRIPTIONS

The cylinder results included 'in this section describe first the
flows observed using 350 cs silicone oil as the gap medium followed
by the water flow pattern experimental resulté. Since past investi;
gators have expressed the Grashof nuﬁbers for cylinder flows based on
a length parameter defined aé the difference between the radius of the
enclosing outer sphere and the cy;inder'é.radius, the same notation
has been accepted herein. The fluid properties contained within this
section héve been evéluated using the arithmétic mean temperaturé.‘-This
is convenient for comparison of the flow results with the temperature
profile results published by earlier:injestigators since they also

employed the arithmetic mean temperature.

GAP WORKING FLUID: SILICONE 350

The firét’cylinder tested (k.50 x 6.50 inches) had an aspect ratio
of 1.4k and Qas operated for a minimum Graéhéf number of 32 (AT = 6°f).
figure 4,17 illustrates the steady flow pattern which resulted. This
basic motion was maintained esséntially,infact until the Grashof num-
ber reached 400, at wﬁich time counter-rotating vortices emerged in
the flow field in the vicinity of the chimney (Figure ﬁ.18). Also
noted at this greater temperatufe difference was the appearance of
sone secondar& interior flow not previously encquntered. A sketch of
this flow pattern (Figure 4.19) has been provided to more clearly

indicate the fluid movement witnessed in Figure 4.18. When the Grashof
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Figure 4.17 Photograph of 4.50x6.50 inches
Cylinder Flow Pattern (Silicone 350)

Aspect Ratio = 1.4k

GrL et AT = 6°F




Figure 4.18  Photograph of 4.50x6.50 in-
ches Cylinder Flow Pattern (Silicone 350)

Aspect Ratio = 1.4k

GrL =450 AT = 50°F




Figure 4.19 Sketch of 4.50 x 6.50 inches
Cylinder Flow Pattern (Silicone 350)

Aspect Ratio = 1.4k

GrL = 450 AT = BOSE
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number attained a value'greater than about 900, unsteadiness developed.
The typical events which characterized this motion discussed in the
eccentric sphere studies were exhibited. These included i) the random
nmigration of the vortex cells away from the thermal plume, 2) the

wavy motion of the high speed cool fluid as it receded from the

'top portion of the chimney, and 3) the continually changing points of

vortex formation as the fluid flowed upward along the inner hody
toward the chimney. This type of unsteadiness persisted for the re-

mainder of the Grashof range considered (Gr = 4700, AT = 160°F).

L,max
The next cyliﬁdrical body investigated contained a much longer
vertical section between its hemispherical ends. The size of this body
was h.SO-x 8.50 inches yielding an aspect ratio of 1.89. For relatively

low Grashof numbers (75 < Gr. < 300, 13°F < AT < 37°F), steady flow pat-

L
terns as depicted in Figure 4.20 were observed. An increase in the Gra-

shof number (Gr, > 300) led to a condition where flow separation became

L
quite distinct. As shown in Figure h.21, sepafation occurred Jjust
after the fluid started to follow the contour of the upper hemis-
pherical end. The extreme upper region of ﬁhe gap where the chimney
was usually seen became unsteaay. This unsteadiness became more pro-
nounced at the greater temperature differences. The maximum observed

Grashof number was 4300, which corresponded to AT = 1LT°F.

The last geometry consisted of a T.00 x 9.00 inches cylindrical
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Figure 4.20 Photograph of 4.50x8.50 inches Cylinder Flow
Pattern (Silicone 350)

Aspect Ratio = 1.89

GrL = 170

AT = 26°F
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Figure 4.21  Photograph of 4.50x8.50 inches
Cylinder Flow Pattern (Silicone 350)

Aspect Ratio = 1.89

GrL =330 AT = U1°F
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inner body with an aspect ratio of 1.29. “For this case, no significant
change in the flow pattern appeared over the entire Grashof range

tested (7 < Gr, < 290). As was found earlier for the eccentric spheres,

L
flow separation was seen to impede the upward moving fliud from
entering the narrow gap region at the top. Consequently, the bulk of
the upward fluid fldwed tq&afd the outer sphere. For all of the

flows analyzed, ﬁnsteady motion was detected in the neighborhood of

the vertical centerline. Since the tracer particle movement in this
region did not photograph very well and was almost impossible to fol-
low by eye, the exact nature of the unsteadiness was very diffi-

cult to determine. It generally appeared, however, that small vor-
tices were randomly drifting about with three-dimensional flow charac-
teristics. Figure 4.22 illustrates th; basic fluid motion displayed
for this configuration.

GAP WORKING FLUID: WATER

The 4.50 x 6.50 inches cylinder flow pattern was characté?ized

by 1) the high speed primary peripheral flow, 2) the secondary inter- -°
ior flow, and 3) the central stagnént reéion for most of the tempera-

tures differences impoéed (875,000 <'Gr_ < 99,000,000). Figures 4.23

L
and 4.24 are included to aid in understanding the details of the fluid
motion observed. The formation of a distinct interior cell occurred

between the upward high speed fluid and the central stagnant region

at the transition of the vertical cylinder section and the fop hemi-




Figure 4.22 Sketch of 7.00 x 9.00 inches
Cylinder Flow Pattern (Silicone 350)

- Aspect Ratio = 1.29

GrL = 166 AT = 9T°F
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Figure 4.23 Photograph of 4.50x6.50 inches Cylinder
Flow Pattern

Aspect Ratio = 1.4k

Gr,. = 54,000,000 AT = S56°F
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Figure 4.24  Sketch of 4.50 x 6.50 inches
Cylinder Flow Pattern (Water)

Aspect Ratio = 1.kl

Gr, = 54,000,000 AT = S6°F
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spherical end. The flow field generally‘reﬁained steady except for
the cases of relatively large température differences where some un-
steadiness was associated with 1) the interior secondary flow ' and 2)
the vortices which were shed downﬁard along the outer sphere.

The longest cylindrical .inner body (4.50 x 8.50 inches) utilized
yielded a éteady_flow pattefn for Grashof numbefs ranging from 850,000
to about 7,000,000 (9°F < AT < 27°F5. The skefch provided in Figure
4.25 outlines the typical flow observed. For larger Grashof numbers,
howvever, the onset of unsteadiness occurréd in the chimney region.
This unsteadiness strengthened itself with increases in the temperature

difference, and, at the maximum examined value of Gr, = 159,000,000

L
(AT = 89°F), three~dimensional vortex motion resulted._ These vortices
wvere randomly shed downward into fhe upper half of the stagnant region.
The lasé'configurétion:involved a 7.00 X 9.06 inches cylinder.

The érashof number range extended from 70,000 to 850,000 (9°F < AT <
65°F). The flow field 6bs§rved fof this situation was almost identical
“tor that described for the silicgne 350 used with this inner body. The
only change was that, for the smaller temperature differences, the main
crescent-eddy extended further into the narrow gap near the chimney for

the water results. The same unsteadiness previously mentioned appeared

near the centerline.




Figure 4.25 Sketch of 4.50 x 8.50 inches
Cylinder Flow Pattern (Water)

Aspect Ratio = 1.89

Gr, = 7,000,000 AT = 27°F
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SUMMARY AND DISCUSSION OF RESULTS

A brief overall summary of the results are presented since this
should benefit work involved with future correlations. The experimen—
tal results have therefore been compiled and provided in tabular form.
Contained within the following tables (Table 4.1 - 4.6) are all of the
cases lvestigated. Caubtion is urged in iﬁterpreting the numericai
values, however. The transition region -Grashof numbers, which dif-
ferentiate between the steady and unsteady observed flow fields, are
suggested to be in the wvicinity of those values cited. It is quite
reasonable, though, to expect a 10—26% deviation for transition occﬁr—
rence since the onset of unsteadiness in ﬁan& instances was questionablg.
Reference is also made indicating the basic types of flow patterns and
unsteadiness observed for the various flow regimes.

The bulk of the eécentric air résuité obtained in this study were
found to be very similar to those of.concentric spheres previously>dOCUr
mented [3, 6, 8, 10]. The configurgtion corresponding to Do/Di = 2,17
was generally indicative of the crescent-eddy and kidney-shaped-eddy
flow patterns over fhe entire Grashof number range examined.(lO0,000 <
Gr, < 1,000,000). The major features of these flow patterns beipg 1)
the thin high spéed fluid layefs-traveling upward and downward immedi-
ately adjacént to the innef and outer spheres respectively, 2) the

upper vertical centerline chimney region, and 3) the central low speed




TABLE 4.1

SUMMARY OF ECCENTIRIC AIR RESULTS (Do/Di = 2.17)

Crescent-Eddy

Eccentficity Steady Flow Regime#® Unsteady Flow Regime*%

92,000 < GrL < 160,000 160,000 < GrL < 907,000

+0.750 - 64,000 < RaL < 112,000 1;2,000 < RaL < 635,000
Crgscent—Eddy Falling-Vortices -- 3-D Spiral

110,000 < GrL < 700,000 700,000 < GrL < 970,000

+0.375 77,000 < RaL < 525,000 525,000 < RaL < 680,000
' Crescent-Eddy —-- Kidney-Shaped Interior Expansion & Contraction

100,000 < GrL < 750,000 750,000 < GrL < 850,000

-0.375 70,000 < RaL < 525,000 525,000 < RaL < 595,000
Crescent—-Eddy =-- Kidney-Shaped Interior Expansion & Contraction

94,000 < GrL < 750,000 750,000 < GrL <. 842,000

-0.750 65,800 < RaL < 525,000 525,000 < RaL < 590,000

Interior Expansion & Contraction

* The first number appearing in this column represents the minimum observed value.
*% The last number appearing in this column represents the maximum observed value.
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TABLE 4.2

SUMMARY OF ECCENTRIC AIR RESULTS (Do/Di = 1,40)

Steady Flow Regime*

Eccentricity Unsteady Flow Regime®#*

14,000 < GrL < 75,000 75,000 < GrL < 126,000

+0.750 9,800 < RaL < 49,000 49,000 < RaL < 88,500
Crescent-Eddy Falling-Vortices —- 3-D Spiral

(except from top near centerline)

18,000 < GrL < 70,000 70,000 < GrL < 115,000

+0.375 12,600 < RaL < 42,000 42,000 < RaL < 80,500
Crescent-Eddy © Falling-Vortices —- 3-D Spiral

12,500 < GrL < 70,000 70,000 < GrL < 120,000

-0.375 8,700 < RaL < 49,000 49,000 < RaL < 84,000
Crescent—Eddy Falling-Vortices —- 3-D Spiral

13,000 < GrL < 60,000 60,000 < GrL < 118,000

~0.750 9,000 < RaL < 42,000 42,000 < RaL < 82,000

Crescent-Eddy

Falling-Vortices

—— 3-D Spiral
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TABLE 4.3

SUMMARY OF ECCENTRIC SILICONE 350 RESULTS (Do/Di = 2.17)

Eccentricity Steady Flow Regime Unsteady Flow Regime#®%
50 < GrL < 1,200%%*
+0.750 200,000 < RaL < 3,250,000 not present
Crescent-Eddy
170 < Gr, < 820#%%
+0.375 660,000 < Ra, < 2,670,000 not present
Crescent-Eddy -- Periodic-Vortices
130 < GrL < 920 920 < GrL < 1,050
-0.375 535,000 < RaL < 2,800,000 2,800,000 < RaL < 3,200,000
Crescent—-Eddy ~- Periodic Vortices | Climbing-Vortices (chimney waviness)
135 < Gr; < 920 920 < Grp < 1,050
-0.750 550,000 < RaL < 2,800,000 2,800,000 < RaL < 3,200,000
— Crescent-Eddy ~- Periodic-~Vortices | Climbing-Vortices (chimmey waviness)
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TABLE 4.4

SUMMARY OF ECCENTRIC SILICONE 350 RESULTS (DO/Di = 1.40)

Steady Flow Regime#®

Eccentricity Unsteady Flow Regime®#%
15 < GrL < 229. 15 < GrL < 229
+0.750 - 60,000 < RaL < 555,000. 60,000 < RaL < 555,000
’ Crescent-Eddy Falling-Vortices -— 3-D Spiral
(except from top near centerline) - '
13 < GrL < 70 70 < GrL < . 325
+0.375%%% 54,000 < RaL < 225,000 225,000 < RaL < 700,000
Crescent-Eddy Faliing—Vortices -~ 3-D Spiral
12 < GrL < 45 45 < GrL < 270
-.0375 50,000 < RaL < 160,000 160,000 < RaL < 620,000
Crescent-Eddy Lateral Vortex Drift ~- Multi-Vortices
13 < Gr, < 20 20 < Gr < 95
-.0750 52,000 < RaL < 80,000 80,000 < RaL < 285,000
Crescent—-Eddy Lateral Vortex Drift -- Multi-Vortices

*%% postulated case
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TABLE 4.5

SUMMARY OF CYLINDER RESULTS (SILICONE 350)

Cylinder Size

Steady Flow Regime® -

Unstéady Flow Regime®%

(inches)
32 < GrL < e 900 < Gr, < 4,700
4.50%6.50 136,000 < RaL < 2,500,000 2,500,000 <.RaL < 8,600,000
Crescent—Eddy -— Secondary Flow Lateral Vortex Drift
75 < 6r, < 300 300 < 6r, < 4,300
4.50%8.50 300,000 < RaL < 1,000,000 1,000,000 < RaL < 7,800,000
Crescent~Eddy -- Secondary Flow 2 & 3—Dimensional Vortices
7 < Gr < 290 7-< Grp < 290
7.00x9.00 31,000 < RaL < 650,000 31,000 < RaL < 650,000

Crescent-Eddy
(excluding upper portion of gap)

2 & 3-Dimensional Vortices
(upper portion of gap only)
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‘ TABLE 4.6
SUMMARY OF CYLINDER RESULTS (WATER)

Cylinder Size Steady Fléw Regime® ‘ Unsteady Flow Regime®#%
(inches)
875,000 < GrL < 6,550,000 6,550,000 < GrL < 99,000,000
4.50%6.50 7,400,000 < RaL < 47,000,000 47,000,000 < RaL < 415,000,000
N Crescent-Eddy ~- Secondary Flow Falling~Vortices —-— Secondary Un~
' steadiness '
850,000 < GrL < 7,000,000 - 7,000,000 < GrL < 160,000,000
4.30x8.50 7,750,000 < Ray, < 48,000,000 | 48,000,000 < Ra, < 600,000,000
.Crescent~Eddy ~~ Secondary Flow Falling & 3-D Vortices
, 71,000 < GrL < 8,500;000 © - 71,000 < GrL < 8,500,000
7.00x9.00 - 705,000. < RaL < 38,000,000 }’ 705,000 < RaL < 38,000,000
' Crescent-Eddy Falling & 3-D vortices

(excluding upper portion of gap) (upper portion of gap only)

39
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region. The unsteadiness, which was prevalent for Gr, > 700,000, was

L
usually characterized by interior expansions and contractions. This
pulsating type motion imposed a continuous radial shifting motion on
the peripheral flow lines. The largest eccentricity of +0.750,
however, resulted in unsteédiness associated with falling-vortices
[8] and three-dimensional spiral flows [10]. This form of unsteadiness
normally occurred when 1) the gap‘ﬁidth became sufficiently narrow, and
2) vhen a significant temperature difference was applied. -

| The diameter ratio of 1.40 wtilizing air clearly displayed the
basic crescent-eddy flow pattern for all of the eccentricities consid-

ered (12,000 < Gr, < 70,000). For larger Grashof numbers (Gr. > 70,000,

L
AT > U45°F), the integrity of the low Grashof number flows was altered
as a result of flow unsteadiness attributed to the falling-vortices and
the three~dimensional spirai effects generated in the upper portion of
the gap.

The eccentric silicone 350 portion of this investigation revealed
some new éypes of flow characteristics. The 4.50 inch inner sphere
(DO/Di = 2,17) generally yielded a peripheral steady flow pattern which
maintained the basic crescent shapé. The same flow features seen
with the air were .observed e#cept for the low speed region seen with
air. This region utilizing silicone 350 appeared almost totally stag-

nant. For negative eccentricities, additional convective activity

developed. This phenomenon substantiated the suspicions of past
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investigators working with the heat-transfer apparatus only [5]. Peri-
odic vortices, which originated in that reglon Wheré the angular flow
turned to traverse up.the chimngy, appeared. These vortices, one on
each side of the thermal plume, rotated upward along the chimney with
the same direction of rofation as the main crescent flow pattern. Once
thesé vortices reached the outer sphere, they were entrained by the high
speed cooling layer which flowed downward along the outer sphere. The
unsteadiness which occurred for this geometric configuration was primar-
ily restficted to the negative eccentricity cases where convective mo-’
tion was enhanced. The climbing—vortices, which were periodic for
Grashof numbers less than about 900, lost their periodicit& and appeared
randomly at higher Grashof numbers. Waviness of thé chimﬁey was also
noted for the larger impressed temperature differences.

Utilizihg silicone 350, the diameter ratio of 1.40, which corres-—
ponded to the T7.00 inch inner sphere, generally resulted in the
crescent-shaped peripheral flow patterns for low Grashof numbers
(Table h.4). For the cases involving the positive eccentricities,
where ; relatively narrow gap existed in the upper flow field region,
falling-vortices and three—dimehsiénal vortices were believed to
have appearea. Because the very ﬁarrow gap was generally very difficult
to study, some doubt as to the true néture of the flow in this region

existed. Since the silicone is so very viscous and the absolute

fluid velocities small, the unsteadiness generated within- this region
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was severely damped when contact was established with the main crescent-
. like flow. -Consequently, these unsteady flows and their effects
were primarily constrained to the upper gap region. Negative eccentri-
cities on the other hand .exhibited flow unsteadiness characterized
by 1) lateral vortex drifting, 2) undulating tendencies of the
high speed coéling layer, 3) continual relocation of the flow separation
angle on the inner body, and 4) the formation of multiple vortex cells.
A general observation regarding the unsteady flow regime associated
with this configuration is that as the eccentricity was decreased (dis-
placed urther below the concentric position), larger diameter and
greater strength vortiées resulted. These vortices are then apparently
much more capéble of penetrating the relatively stagnant regién thereby
inducing the "multi-vortices" flow pattern which was observed.

The cylinaer flow results using silicone 350 as the test fluid for
the aspect ratios of 1.44 and 1.89 yielded flow patterns very similar
to those witnessed for the eccentric sphere studies. The peripheral
flow, which appeared as an elongated crescent with a straight section,
remained undisturbed_for low Grashof numbers. The upper range of the
Grashof numbers listed in the steaéy regime of Table 4.5 led to the
appearance of secondary flows. These rather weak secondary return
flows were-usually observed to flow in the opposite direction of the
hot upward moving fluid for a short distance, but then drifted horizon-

tally toward the outer sphere.
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Unsteadiness, for all of the cylinders studied, was once again
found to be rather proportional to the gap spacing present, although,
the temperature difference was still significant. For those cylinders
whicp permitted only very narrow gap widths in the upper region (aspect
ratios of 1.29 and 1.89), £he onset of two and three dimensional vortex
flows again are believed to have resulted. The unsteadiness exhibited

by the 1.L44 aspect ratio cylinder for Gr. > 900 can best be described

L
by the lateral vortex drift adjacent to the chimney as described
earlier.

" The eylindrical investigations using water as the gap medium gen-
erally resulted in steady flow patterns with weak éecondary return
flows as discussed previously in the literature for concentric sphere
studies [8, 10]. These flows were primarily representative of the 1.4k
and the 1.89 aspect rgtio cylinders only. Tor these two cases, a vor;
tex cell pair, one on each side of the chinmney, characterized most of
the Grashof number range. A distinct interior cell was observed for
these configurations. The weak secondarg return flow in conjunction
with the upward vertical hot flow along the inner body formed this cell
near the top portion of the straight cylindrical section.

The form of unsteadiness followed that described for the silicone
fluid. TFalling-vortices, which were shed tangentially downward along

the outer sfhere,and three-dimensional vortices, found near the center-

line, often appeared.
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The effect of cylinder length, which is described in terms of
aspect ratio, was found to have pefhaps a very slight influence on the
shape of the flow pat%erns but~ﬁhis effect was hardly noticeable. For
Jlow Grashof numbers, no flow sepafation téndency characteristics
appeared in comparison to the included eccentric sphere studies or
the works reported by others [10]. For larger Grashof number flows,
where the upward vertical moving fluid had achieved additional momen-
tum, separation-like characteristics of the outer layers may have
occurred &hich aided in reinforcing the secondary flows in that neigh-
borhood. Since the outer sphere cooling return flows and the secondary
flows are often in the vieinity of whefe,one might expect a separation
effect due to a relatively large aspect ratio, the conclusion here is
that no appreciable cylinder effect could be observed on the flow pat-
tern. ’

The Prandtl number effect can be analyzed by considering tﬁe flow
characteristics of the different fluids tested. This investigation,
which examined a Prandtl number range extending from 0.7 to L4148, has.
clearly illustrated that the typically basic flqw patterns observed
for air have the same characteristics as those observed for silicone
350. Although for higher viscosity fluids the unsteadiness was
constrained to relatively small local regions, the peripheral fiow,
which was crescent-like in shape, always appeared. Consequently, no

major viscosity effects resulted.
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The correlation of the observed flows for this study are essen-
tially in agreement with the temperature profiles previously reported
[5, 11]. Since all of the flow patterns observed were composed of five
elementary flow characteristics which determined the general shape of
these profiles, it was concluded that the basic flow field which re—
sulted was quite independent of small applied temperature differences.
These five basic regions are 1) the' two thin high velocity fluid
layers where.convection heat transfer was the dominate mode of energy
transport, 2) a centrgi stagnant region dominated by conduction heat
transfer, and 3) two regions of transition from the high to low vel-
~ocity fluids. The teméerature profiles can be physically interpreted
with respect to these five régions Just mentioned. .With the high
heat flux at the inner body boundary, hot fluid in this vicinity was

’ , :

rapidly convected away. As a result, a larger drop in temperature took
place in a very short. radial distance. This same type of effect was
true 6f the outer thin céoling layer also. 'Therefore, these regions of
the temperature profiles are ones of relatively steep temperature 'grad-
ients. The flat portion of the temperature profile curve, where very
little fluid motion was observed, éenerally had a slight temperature
drop associatgd with it, and this was due to conduction. The remaining
transition regions of the temperature profiles are possessed with both
convection and conduction heat transfer characteristics. Illustrated in

Figure 4.26 is a typical temperature profile discussed above. As
l
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shown for typical low Grashof number flows, the magnitudes of the 0°,

40°, 80°, 120°, and 160° temperatﬁre profile curves, measured from

the upward vertical axis, result in desdending position as illustrated.

This occurs since the colder fluid qccupies the lower regions of the
gap. In certain instances, however, it has been found that many times
the 0° and 40° probes have yielded profiles lower than corresponding to
the 80° probe. This phenomena has been explained by the existence of
counter-rotating cells which have caused fluid near the inner boundary
to become partially cooled and therefore allowing a much greater
temperature drop on these profiles. The counter-rotating cell of the
alr studies was documented in the past for concentric air studies and
was further substantiated in this work for the eccentric air studies.
Liquid test fluids, when subjected to extremely small gaps and rela-
tively high impressed tempefature differences, have produced numerous
temperature profiles with the 0° temperature profile lower tﬁan the 40°
or 80° profiles. Since possible two~dimensional, unsteady vortex, multi-
cellular structured flows were generally thought to be observed for
such cases, the same explanation appears to be valid.

Temperature inversions also appeared in some of the profiles con-
sidered, but, since all flows basically resembled all others, the ilmpor-
tance of this phenomena has been discounted somewhat. It suffices to

say that it did result in the profiles and extensive discussions of

this effect have been given by other authors [3, 5, 9, 11].




CHAPTER V

CONCLUSIONS AWND RECOMMENDATIONS

The flow visualization apparatus previously used for air and water
concentric sphere studieg was extended to utilize a silicone oil test
fluid an&, also, to incorporate eccentric sphere and cylindrical
inner-body geometries. The results obtained during this investigation
have been found helpful for further understanding of some of the funda-
mentals associated with convective flow fields. One obvious overall
result was that for the variety of -fluids used and for relatively low
temperature differences imposed, one basic flow pattern always existed.
This pattern generally.exhibited high speeé peripheral flows which-
normally ouflined the geometry of the configuration at hénd. Un-
steadiness of any real significance could be said to héve occurred
usually in the upper vertical centerline region. The effect of this
unsteadiness upon the lower portion of the gap was found to decrease
as the Prandtl number increased.

The effect of downward eccentricity of the inner spheres enhanced
convective activity since .a greater percentage of the gap became in-
fluenced by vortex flows. Vortices were found to have a penetra£ing
effect on regions where littie fluid motion had previously been ob-
served.

Virtually no aspect ratio effect could be determined in this
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investigation for the cylinders used. It seems that if such an effect
were to be realized, a larger diameter enclosing sphere must be im- '
plemented. This is the situation since the upward flows along the
vertical cylinders in this study were influenced by secondary return
flows and by the near boundary of the outer sphere.

One recommendation for future related flow studies would be to
in&estigate hov to optimize the "quality" of tracer particles observed
in the water and silicone test fluids because improper mixtures yield
péor photographic results. Another possible consideration for addition-
al work should perhaps be céﬁteged around studying and photographing
those conditions where extremely narrow.gaps exist.. One prob}em fre-
éuently encountered duriné this study was that of many times being

unable to definitely determine the true flow for such situations.
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10.

12,
13.
1k,
15.
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2k,
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27.
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31.
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C..‘.

Covw

10
11

50

51

100

= FLUID NUMBER AIR = 1
WATER = 2
SILICONE 350 = 3

CP(T,I) = SPECIFIC HEAT AT CONSTANT PRESSURE OF A SPECIFIED TEST FLUID
VIS(T I) = ABSOLUTE. VISCOSITY OF A SPECIFIED TEST FLUID '
COND(T,I) = THERMAL, CONDUCTIVITY OF A SPECIFIED TEST FLUID
RHO(T,I) = DENSITY OF A SPECIFIED TEST FLUID
BETA(T,I) = EXPANSION COEF. OF A SPECIFIED TEST FLUID
= QOUTER DIAMETER (IN)
ID = INNER DIAMETER (IN)
BAROMETRIC PRESSURE (IN HG)
= ATMOSPHERIC PRESSURE (LBF/SQ IN)
GAP = DISTANCE BETWEEN THE INNER AND OUTER CONFIGURATIONS (IN)

GR = GRASHOF NUMBER
RA = RAYLEIGH NUMBER '
MM = NUMBER OF THERMOCOUPLES ON THE INNER BODY

= NUMBER OF THERMOCOUPLES ON THE OUTER BODY
REAL, ID, IR, IT, ITAVG
INTEGER RUN .
DIMENSION 0T(20),IT(20),E(20),DEV(20)
JJ = NO OF DATA RUNS
DO 500 JJ=1,26
READ(105 10) I, RUN, MM, MMM
FORMAT(MIS)
READ(105,11) OD, ID, ECC
FORMAT(3F9.L4)
WRITE(108,50) RUN
FORMAT('1','RUN NO. = ',I3)
IF(I.EQ.1) GO TO 100
IF(I.EQ.2) GO TO 101
WRITE(108,51) :
FORMAT(' *,///,'FLUID .... SILICONE 350 CS')
GO TO 102
WRITE(108,52)
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52 FORMAT(' ',///,'FLUID .... AIR')
GO TO 102
101 WRITE(108;53)
53 FORMAT(' ',///,'FLUID .... WATER') s

© 102 CONTINUE

DIAR = OD/ID
GAP = (OD-ID)/2.
. ECCR = ECC/GAP
WRITE(108, 5h) 0D,ID,ECC,DIAR,ECCR

54  FORMAT('O ‘OUTER DIA. = ',F10.L.° INCHES',//,'INNER DIA. = !,
$F10.4," INCHES',//,'ECCENTRICITY ",F10.4,//,'DIA. RATIO = ',F
$10.4,//,'ECC. RATIO = ',F10.4,////)

READ(105,12) (E(J), J=1,MM)
12 FORMAT(8F9.3)
READ(105,13) (E(J),J=MM+1,MMM)
13 FORMAT(3F9.3) '
DO 200 N=MM+1 ,MMM
O0T(N) = T(E(N))

200 CONTINUE

DO 201 NN=1,MM
IT(NN) = T(E(NN))
SUM = O. ’
201 CONTINUE
DO 103 II=1,MM
SUM = SUM+IT(II)
103 CONTINUE
ITAVG = SUM/MM
SUM = 0.
DO 104 KXK=MM+1 ,MMM °
SUM = SUM+OT(KK)
104 CONTINUE
QTAVG = SUM/ (MD—MM)
WRITE(108,59)

59 FORMAT('O','OUTER SPHERE TEMP.',10X, 'DEVIATION',15X,'% DEVIATION',

0




69.
70.
T1.
T2.
73.

75.
76.
CTT.
78.
79.
80.
81.
82.
83.
8.
85.
86.
871.
88.
89.
90.
91.
92.
93.
gk,
95.

9T.
98.
99.
100.
101.
102.

$//)
DO 105 J=MM+1,MMM
DEV(J) = OTAVE-0T(J)
ERROR = DEV(J)/OTAVG¥100.
WRITE(108,55) OT(J), DEV(J), ERROR
55 FORMAT(' ',LX,F10.k4,11X,F10.4,16X,F10.4)
105 CONTINUE
WRITE(108,60)
60 FORMAT('0','INNER BODY TEMP,',//)
DO 106 J=1,MM
DEV(J) = ITAVG-IT(J)
ERROR = DEV(J)/ITAVG¥100.
WRITE(108,55) IT(J),DEV(J),ERROR
106 CONTINUE _
DT = ITAVG-OTAVG
WRITE(108,56) ITAVG, OTAVG, DT
56 FORMAT('1',//,'MEAN INNER BODY TEMP. == ',F10.h4,' R',//,'MEA
$N OUTER SPHERE TEMP. = ',F10.4,' R',//,'MEAN TEMP, DROP ACROS
$s GAP = ',F10.4,' R',//)

= (ITAVG+OTAVG)/2.
WRITE(108,61) TM™

61 FORMAT('0',20X,'PROPERTIES BASED ON THE ARITHMETIC MEAN TEMPERATUR

$E',////,' ARITHMETIC MEAN TEMP. = ',F10.4,' R')
109 VIS = U(TM,I)
SH = CP(TM,I)
COND = CON(TM,I)
DEN = RHO(TM,I)
= BETA(TM,I)
PR = VIS*SH/COND

Y




103.
10k,

105. -

106.
107.
108.
109.
110.
111,
112,
113.
11k,
115.
116.
117.
118.
119.
120.
121.
122.
123.

-
N
=

\O o= N\ W -

C.... GRASHOF NUMBER BASED ON GAP THICKNESS
GR = G*B¥*DEN*#2,¥GAP¥¥3, ¥DT¥3600.%¥2, /(1728.0%¥VIS**2, )

RA = PR*GR
WRITE(108,57) VIS, SH, COND, DEN, B
57 FORMAT(' *,////,'VISCOSITY . = ' F10.4,' LBM/FT HR',//,'S
$PECIFIC HEAT = ',F10.4,' BTU/LBM R',//,'THERMAL CONDUCTIV
$ITY = ',F10.4,' BTU/LBM FT R',//,'DENSITY = ' F10.
$h,t LBM/CU FT',// '"EXPANSION COEF. = ',F10.4,' 1/R')
WRITE(108,58) PR,CGR,RA
58 FORMAT(' ',////,'PRANDTL NO. = ',F15.4,//,'GRASHOF NO.
= ' ,F15.4,//,'RAYLEIGH NO. = ' F15.4)
K = K+1
IF(K.EQ.1) GO TO 110
GO TO 500

110 TM = ((RAVG*¥3.-IR¥¥3, )*ITAVG+(OR**3 ~RAVG##3, )*OTAVG)/)OR*+3 ~IR%
$#3.) -
WRITE(108,62) ™

62 FORMAT('1',20X,'PROPERTIES BASED ON THE VOLUMETRIC MEAN TEMPERATUR
$E',////,'VOLUMETRIC MEAN TEMP. = ',F10.4,' R')
GO TO 109

. 500 CONTINUE

Q

END

CONVERSION OF MILLIVOLTS TO DEGREES RANKINE SUBPROGRAM
FUNCTION T(E) '
DIMENSION C(8)

DOUBLE PRECISION TOT
¢c(1)=Lk91.96562
c(2)=46.381884
c(3)=-1.391886k
C(k4)=0.15260798
Cc(5)=~0.020201612
c(6)=0,0016456956
C(7)=-6.6287090/(10.%*%*5)
C(8)=1.0241343/(10.%%6)
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13.
14,
15.
16.
17.
18.

1.
2.

4,
5.
6.
7.
8.
10.
11.
12.
13.
14,
15.
16.
17.
18,
19.
20.
21.
22.
23.
24,
25.
26.

1
C.l..
1
C. LN ]
2
CV'..
X .3
C'.l’
50

TOT=0.D0

po 1 1=1,8
TOT=TOT+C (1) * (E**(I-1))
T=TOT

RETURN

END

VISCOSITY SUBPROGRAM
FUNCTION CP(T,I)

co TO (1,2,3,),I
CONTINUE

SPECIFIC HEAT OF AIR

CO = 2.236775/(10.0%*5)
Cl = 0.22797749

CP = C1+CO*T

GO TO 50

CONTINUE

SPECIFIC HEAT OF WATER
Cl = 1.3757095

C2 = .0012968965

€3 = 1.1110533/(10.0%%6)
CP = Cl-(C2-C3%T)*T

GO TO 50

CONTINUE

SPECIFIC HEAT OF 350 CS DOW 200 SILICONE

TP = 5.0%(T-491.69)/9.

Cl = 0.3259583

C2 = 2.425/(10.0%*4) :
C3 = 5.41667/(10.0%*7)

CP = Cl +(C2=C3*TP)*TP

GO TO 50 :

RETURN

END
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SPECIFIC HEAT SUBPROGRAM
FUNCTION U(T,I)
Go TO (1,2,3),I

CO = 134.375

Cl = 6.0133834

C2 = 1.8432299

C3 = 1.3347050

U = T#%C2/(EXP (CL)* (T+CO)*%C3)

GO TO 50

TP = T-593.33203

Cl = .0071695149

€2 = .011751302

C3 = .0087791942

‘C4 = 81654704

VIS = CLATP4C2% (1.+C3% (TP%%2))%%, 5+C4
= 1./VIS

GO TO 50 .

CONTINUE

ABSOLUTE VISCOSITY OF 350 CS DOW 200 SILICONE

V = .03875%(5. 495*10**9)/(T—259 69)%%2.943

Cl = 52.754684
C2 = .04537533
C3 = 5.1832336/(10.%%5)

RHOW = C1+(C2-C3*T)*T
RHO = RHOW*0.970

U = RHO*V

GO TO 50

RETURN

END

THERMAL CONDUCTIVITY SUBPROGRAM
FUNCTION CON(T,I)

6o T0 (1,2,3),I

CONTINUE

¢8




5.

6.

7.

8.

9.
10.
11.
12.
13.
i4.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24,

25.

26.
27.
28.
29.
30.

1.
2.
3.
4.
5.

7.

Cecvo

10

20

Cooo.

c...{
50
C.'..

C-»eo

100

THERMAL CONDUCTIVITY OF AIR

X = 0.1

CO = -8.5964965

Cl = 34490.89

C2 = 868.23837

C3 = 8056583.8

X =Xp :

F = COHCL*XFC2*X*X+-C3*#X*X*X-T
FP = Cl+2.%C2%X+3,*X*X*(C3

XP = X-F/FP

IF (ABS ((XP-X)/X)-0.0001)20,20,10
CON = XP ’

GO TO 50

CONTINUE

THERMAL CONDUCTIVITY OF WATER
Cl = .23705417

C2 = .0017156797

C3 = 1.1563770/(10.0%%p)

CON = -C1+(C2-C3*T)*T

GO TO 50

CONTINUE

THERMAL CONDUCTIVITY OF 350 CS DOW 200 SILICONE
CON = 0.00038/0.004134

GO TO 50

RETURN

END

DENSITY SUBPROGRAM
FUNCTION RHO(T,I)

‘G0 TO (1,2,3),I

CONTINUE .

DENSITY OF AIR AT LOCAL ATMOSPHERIC PRESSURE
READ (105,100) BARO

FORMAT (F10.4)

98




k!

8.

9.
10.
11.
12.
13.
14,
15.
16.
i7.
18.
19.
20.
21.
22.
23.
24,

25.7

26.
27.
28.
29.

1.
2.
3.
4,
S.

. 7 L

8.
9.
10.
11.

101

C.e.c..

Cevvo

50

Ceoon
Coooo

Cicwnn

P = BARO*.491

WRITE(108,101) P

FORMAT(' ',//,'ATMOSPHERIC PRESSURE
RHO = BARO*.491%144. [ (53.34%T)

GO TO 50

CONTINUE

DENSITY OF WATER

Cl = 52.754684

C2 = .045437533

C3 = 5.1832336/ (10.%%5)

RHO = Cl+(C2-C3*T)*T

GO TO 50

CONTINUE .

DENSITY OF 350 CS DOW 200 SILICONE
Cl = 52.754684

€2 = 0.045437533

C3 = 5.1832336/(10.0%%5)

RHOW = Cl+(C2~C3%T)=T
RHO = RHOW*.970

GO TO 50

RETURN

END

COEF. OF THERMAL EXPANSION SUBPROGRAM
FUNCTION BETA(T,I)

Go TO (1,2,3),I

CONTINUE.

EXPANSION COEF. OF AIR
BETA = 1.0/T

GO TO 50

CONTINUE

EXPANSION COEF. OF WATER
TP = T/100. '
IF(T-549.59) 10,10,20

' F10.4,°

PSI')
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12.
13.
14.
15,
16.
17.
18.
19.
20.
21.
22.
23,
24.
25.
26.
27.
28,
29.
30.
31.

10

20

30

Ceveo

50

Cl = 603.11841
C2 = -353.03882

C3 = 68.297012

C4 = ~4.3611460

BP = Cl+(C2+(C3+C4*TP)*TP)*TP

GO TO 30 '

Cl = -128.44920

C2 = 68.827927

C3 = -13.858489

C4 = 1.2608585

C5 = -.042495236

BP = Cl+(C2+(C3+(C4+C54TP)*TP)*TP)*TP
BETA = BP/(10.0%%4)

GO TO 50

CONTINUE

EXPANSION COEF. OF 350 CS DOW 200 SILICONE
BETA = 0.00096/1.8

GO TO 50

RETURN

END
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